The chloroplast is a semiautonomous, self-duplicatinig unit in cytoplasm equipped with its own hereditary apparatus.1-3 In Chlamydomonas,4-7 Acetabularia, 8 Euglena,9' 10 and higher plant leaves,6' 11, 12 it has been observed that chloroplasts contain their own DNA distinct from chromosomal DNA. Moreover, activities of DNA-dependent RNA polymerase and of enzymes responsible for amino acid incorporation have been observed in cell-free preparations of chloroplasts.3 There has been no direct proof, however, that DNA in the chloroplast is the carrier of genes that control the function and duplication of the chloroplast in the cell. In this paper we present unequivocal evidence for (1) a semiconservative mode of chloroplast DNA replication, and (2) a difference in time of replication of chloroplast DNA and chromosomal DNA during the vegetative growth cycle of Chlarnydomonas reinhardi. These results show for the first time that replication of chloroplast DNA is normal (semiconservative) and regulated independently from that of chromosomal DNA. Regular replication of chloroplast DNA ensures its physical conservation and regular transmission to succeeding generations. The results also support the idea that the chloroplast has a genome and self-duplicating mechanism of its own. final concentration of 100 Mug per ml and incubated for another 30 min. Fresh pronase was added to this mixture, again to a final concentration of 100 ug per ml, and the incubation was continued for 4 hr at 370C. Following the incubation, the mixture was centrifuged at 15,000 g for 10 min to eliminate cell debris. The supernatant fraction was dialyzed against 0.5% sarkosyl in SSC for 3 hr with several changes of outside solution at 370C and then dialyzed against '/100 SSC for 60 min at 40C. The dialyzate was lyophilized to dryness and the DNA samples in dry form were stored in a freezer.
between density of DNA and base composition.18 19 For density reference, dAT from Cancer borealis2" was employed. Buoyant densities of DNA samples were determined, and are expressed relative to the density of E. coli DNA taken as 1.710. 21 DNA assay: The DNA content per cell was determined by the diphenylamine method, after preliminary extraction of DNA from the cells with 0.5 M perchloric acid by the procedure described elsewhere.14 MAK column fractionation: The fractionation method of a Sueoka and Cheng22 was followed. A micro column with a diameter of 1 cm was used for small quantity fractionation. dAT DNA (300,Mg) was charged to this column packed with 0.6 gm Kieselguhr and 0.15 ml of 1% methylated albumin. Stepwise elution with a NaCl gradient in 0.05 M phosphate buffer pH 7.2 was used.
Results.-Characterization of chloroplast DNA: Figure la shows the banding pattern of purified DNA b samples from exponentially growing vegetative cells of C. reinhardi in a CsCi density gradient. Three components were consistently revealed: i.e., a major component, a, with its peak density 1.723 gm cm-3, a satellite component, 13, with its peak density 1.692, and an additional small satellite component, oy, with a density of 1.715. These data, together with that obtained from gamete cells, are summarized in Table 1 . The c density values of these three DNA components agree with those reported by others,5-7 and the 13 satellite has been shown to be associated with the chloroplast.5-7 When the DNA preparation from C. reinhardi was subjected to MAK column fractionation with stepwise NaCl gradient elution, the major DNA component, a, d came out first, followed immediately by the 'v-satellite DNA, and then the 13-satellite DNA (Figs. 2 and 3 ).
This elution pattern is consistent with the GC effect of the 1\AK column,22 since these three DNA components follow the order of decreasing GC content calculated i from the buoyant density (Table 1) (Fig. le) . DNA synthesis and cell division in the vegetative culture: Figure 4 illustrates the time course of DNA synthesis and cell division of C. reinhardi in a synchronized culture. Depending on the sampling time in the synchronous cycle, the amount of DNA per cell has two different values, i.e., 1.19 X 10-7 or 1.37 X 10-7 jg ( Table  2 ). The biphasic curve of DNA synthesis indicates that the time of satellite DNA synthesis is different from that of chromosomal DNA synthesis (Fig. 4) . Moreover, the relative amount of satellite DNA calculated from Figure 3 (see Table 2 with the expected value of 15 per cent obtained independently by another method (Table 1) .
Transfer experiments with N"5: (1) The experimental setup: The technical principle of the transfer experiment is similar to the isotopic labeling experiment devised by Meselson and Stahl,23 and has been described previously.24 Plus or minus mating-type cells of C. reinhardi were grown under synchronous growth conditions in a medium containing heavy nitrogen N" in the form of N"5H4C0 as its sole nitrogen source. After reaching an appropriate cell concentration, this culture was transferred to a N14H4C1 medium (containing 10 ,g/mnl adenine) right after the completion of cell division (see Fig. 5 ). A series of samples were taken after the transfer throughout the synchronous division cycle. DNA prepared from these samples was then analyzed by density gradient centrifugation in CsCl.
(2) Replication of chloroplast DNA: The growth curve, time of transfer, and schedule of sample collection in a typical N" --N14 mitotic transfer experiment with a synchronized culture are outlined in Figure 5 . The result of this experiment is illustrated in Figure 6 as microdensitometer tracings of ultraviolet-absorption pictures of DNA samples. The fully N"-labeled A band was completely replaced by a half-N"5-labeled band (i.e., N"5-N14 hybrid) approximately 4.5 hours after the onset of the light period (Fig. 6b) . About two hours later, while the hybrid (3 band remained unchanged in density, a fully unlabeled (3 band (i.e., NoCN14) appeared in approximately equal amounts as that of the hybrid ,B band (Fig. 6c) . This indicates another round of replication of chloroplast DNA. This situation remained unchanged at the termination of the light period (Fig. 6d) (Fig. 6b) . Although it appeared as a shoulder of the a band in the tracing, this newly synthesized y satellite was identified in the actual absorption picture as a small but distinct band. It is evident that the replication mode of chloroplast DNA (I) is semiconservative and that the replication of chloroplast DNA appears to be an independent and discrete occurrence separate from that of chromosomal DNA. This latter result was consistent with the biphasic DNA synthesis presented in Figure 4 . The apparent synchrony in the replication of (3 and y DNA is an interesting phenomenon from the viewpoint of the regulation of DNA replication.
Discussion.-It is known that a variety of organisms have significant amounts of cytoplasmic DNA that differ from nuclear DNA. Some of these nonchromosomal DNA's have been fairly well characterized and have been shown to be associated with subcellular organelles.2' DNA molecules of cell organelles must duplicate in synchrony with cell division in such a way that physical conservation of these molecules can be assured through the generations. Nevertheless, little clear-cut experimental evidence has hitherto been available. Chlamydomonas reinhardi is particularly suitable for the study of DNA replication of chloroplast. First, the green alga can be synchronized in a chemically defined and bacteria-free culture.14' 15 Second, there is enough difference in density between chloroplast and chromosomal DNA (Table 1) . Third, no complications by DNA precursor pool seem to be involved under our standard experimental conditions since no appreciable contribution of N"5 to chloroplast DNA was detected in the N"5 -N'4 transfer experiment (see Fig. 6 ). In consequence, a discrete N"6-N'4 hybrid chloroplast DNA can be distinguished unambiguously from other DNA components (Fig. 6b) . This low DNA precursor pool in Chlamydomonas is in contrast to the case of Neurospora mitochondria, where a considerable amount of N" precursor was incorporated into newly synthesized DNA.26 Owing to these advantageous features, the data in this paper provide direct evidence for the semiconservative mode of chloroplast DNA replication.
The difference in replication timing between chloroplast and chromosomal DNA's indicates that the replication of chloroplast DNA is independent of and separable from that of chromosomal DNA, and may suggest the following two alternatives: (1) chloroplasts have their own specific DNA polymerase, and DNA synthesis is regulated independently from that of chromosomal DNA; or (2) DNA polymerase and the regulating system are the same in both the chloroplast and the nucleus but are physically isolated. Whichever the alternative, the control of DNA replication in an eukaryotic cell containing more than one DNA component is an important subject for further study.2Y The newly synthesized -y-band DNA can always be detected at about the same time chloroplast DNA (j) replicates. This might be mere coincidence, or a common control mechanism for DNA replication may be shared by both these minor DNA components.
Results consistent with present conclusions on chloroplast DNA replication have also been obtained during the sexual cycle of C. reinhardi. '8 In this connection, the existence of the non-Mendelian segregation pattern on certain cytoplasmic genetic determinants in C. reinhardi is of particular interest.29 A detailed report on chloroplast DNA replication during the sexual cycle will be published elsewhere. 30 The relative amount of chloroplast DNA in vegetative cells (5-6%) (Table 1) . Furthermore, available experimental evidence indicates that, depending on their stages ill the life cycle and growth conditions, C. reinhardi cells contain noticeably different amounts of chloroplast DNA relative to that of chromosomal DNA. Figure 3a shows an extreme example of this situation. The actual molecular weight of a unit of chloroplast DNA, therefore, cannot be estimated at present.
